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Figure 1.2 Schematics of the concept of the solid-liquid interface. In (a), liquid is described
by the Navier-Stokes equation, and the solid-liquid interface has zero thickness as in the
macroscopic uid dynamics. In (b), liquid is aected by the solid wall in the vicinity of the
interface with a thickness of lb. In (c), the whole liquid is aected by the solid wall.
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Figure 1.4 The ratio of friction factor with velocity slip normalized by the value without
velocity slip.
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Figure 2.1 12-6 Lennard-Jones potential.
2.2.2 ???????
? (H2O) ????????? SPC/E (Extended Simple Point Charge) [44] ???
??????????????????????????????? 2.2 ?????








Figure 2.2 Structure of water molecule in SPC/E potential model.
18 ? 2? ???????????
Table 2.1 Mass and potential parameters for water molecule in SPC/E model.
 [nm] " [J] q [e] mass [kg]
H - - 0.4238 1.67410 27
O 0.3166 1.0810 21  0.8476 2.65710 26
2.2.3 ???????????
????? (CH3OH)????????? OPLS-UA (Optimized Potentials for Liq-
uid Simulation { United Atom) [45, 46] ?????UA ????????? (CH3) ?
???? 1 ??????????????????????????????????
? 2.3?????? CH3-O?? O-H???????? 0.143 nm, 0.0945 nm????2
????????? 108.5 ?????????????????????????? 2.2
















Figure 2.3 Structure of methanol molecule in OPLS-UA potential model.
Table 2.2 Mass and potential parameters for methanol molecule in OPLS-UA model.
 [nm] " [J] q [e] mass [kg]
CH3 0.3775 1.43910 21 0.265 2.49710 26
O 0.3070 1.18210 21  0.700 2.65710 26






??????????????? FCC????? 2.4?????? (111)?????
???????????
Table 2.3 Mass and potential parameters of solid atom.
k [N/m] req [nm] mass [kg]
46.8 0.277 3.23910 25
Figure 2.4 Top and side views of (111) surface of FCC crystal structure.
2.2.5 ???????????????
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?? [36, 51]?? (1.9) ????????????????????? "wall wall ???
???????????????????????????????? [9, 10]????
"wall wall ???????????????????????????????????




Table 2.4 L-J potential parameters for wall atoms used to determine inter-molecular inter-
action parameters based on Lorentz-Berthelot mixing rules.
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Figure 2.6 Concept of periodic boundary condition.
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???????????????? (2.40)???????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B = kBT (2.46)
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hR(0)R(t)i = 2kBT(t) (2.47)
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 ??
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s hv(0)v(s)i ds = 0 (2.61)
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jr ( jt + t)   r ( jt) j2 (2.66)
2.4 ???? 29
Figure 2.8 Motion of the particle constrained on a sphere surface.
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(a) trajectory on a unit sphere
(b) trajectory projected on a two-
dimensional plane
Figure 2.9 Projection of angular displacement on a two-dimensional plane.





SnSn+1 ?????????????????????????? Pn ?
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OS0n 1 = en 1 + ken (2.70)
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Figure 2.11 Schematic of pressure tensor calculation using the forces exerted on the solid







??  m ????? +m ???????? +l ?????????????  ? ml ??
ml ????????ml ????????????????????????????
36 ? 2? ???????????
(a) kinetic contribution (b) intermolecular force contribution














?????? 2.12(a)????????????? t ?????? mivi ?
?? i ?????  m ??? +m ??????????? m ????????????
??? +l ???  mivi  el=t ??????????????? el ? +l ??????
????????????? mi0vi0 ??? i0 ????? +m ???  m ???????


























sgn(r j i  em )Fi j  el
)+
(2.96)
????????? Pi j ????????????????????? i, j ?????






























jvi  em t j ???????????????? i ? m ?? ri  em ? ri;m?m ????
vi  em ? vi;m ?????????? vi;m > 0? vi;m  0??????????????












































?????????????????? SLm = V ?????intml ??????????
????????????????????????????????????????
????????????????????????????r j i;m > 0, r j i;m  0???
38 ? 2? ???????????





i j; (r j i;m>0)
Z r j;m
ri;m






i j; (r j i;m 0)
Z ri;m
r j;m


























































































?????? 4 ?? 2 ????????????????????????????
?????????????????????????? 2.6.2???????????
2.6 ?? 39
?????????? V ?????????V ??????????????????
? [62{64]?











wi jri j;mFi j;l
++/- (2.104)
??? wi j ??? i ? j ?????????? V ??????????????????
????????????????????????????






Figure 2.13 Example of local stress calculation in parallel slabs using weight function wi j .
2.6.4 ??????????
???????? 2.14???? 2????????????????????? z ?
?????????????????????? [65]?????? 2?????????
????????????????????????????????????????







????P0zz ?? (2.93)???? hi???????????Mw ???????????
??????????????S ???????????????? (2.105)?? (2.3),
(2.4)??? Verlet???????????









sen??????????????? [66]?????????????? L ??????
??????? V (= L3) ????????????????????????????
?? i ??? ri ?????????????????????? si ? si = ri=L ???
???????????? _ri ? _ri = L _si + _Lsi ?????L ????????????










MP V = P0   Pset (2.106b)

















3 si j  Fi j+/- (2.107)
????




??????? [47, 48, 67, 68]??????????????????????????
????? [47]?????????????? Green-Kubo????????????
?????????????????? [67, 68]?

























[;  (, ) = x; y; z] (2.109)
????????????????????????????????????? C ?
















P0 ((i + j)t) t
9>=>;
2
(t = nt) (2.110)
????????
42 ? 2? ???????????
2.8 ??????
Navier???? (1.1) ??????????  ?????????????????
????????? Green-Kubo?????????????????????????
?? Green-Kubo?? 1994?? Bocquet? Barrat [25]??????????????
???Bocquet, Barrat???????? BB???????????????????
???????????????????????? Green-Kubo ?????????
?????? [22, 26, 30]????????????????????????????
????????????????? [22, 28, 30] ?????????????????










(2.35) ????????????? Navier ???? (1.1) ???????? Svs(t) ?





=  Svs(t) + F (t) (2.111)
??????? S????? ??????????????vs ???????????
??????? vl ???? vs(t) = U (t)   vl (t) ????





 (t   t 0)U (t 0)dt 0 (2.112)







 (t   t 0)U (t 0)dt 0 + F (t) (2.113)
???????? t < 0?????????? U = 0????t = 0?????????
???U (0+) ???????????????
2.8 ?????? 43
?? Langevin ????? Laplace ?????? Green-Kubo ??????????
? f (t) ? Laplace?? L( f ) = Hf (s) ?????????a





(HU (s)s  U (0)) =  SH (s)HU (s) + L(F) (2.115)
??????
HU (s) = MU (0) + L(F)
Ms + SH (s) (2.116)
????????????????? CU (t) = hU (0)U (t)i??????? Laplace??HCU (s) ??hFi = 0????????????? L(F) ! 0??????????









s + H (s)= (2.117)





?? = M=(S) ?????
???????????? Fw (t) ????? U (t) ???? Fw (t) = M dUdt ?????
???Fw (t) ??????? CF (t) ?????????b????
CF (t) = hFw (0)Fw (t)i =  M2 d
2
dt2
hU (0)U (t)i (2.118)
a Laplace????????????????
?? f (t ) ? 1??? f 0(t )?2??? f 00(t ) ? Laplace???????
L   f 0 = sHf (s)   f (0)
L   f 00 = s2Hf (s)   s f (0)   f 0(0)
??????????? f ? g ????????
( f  g)(t ) 
Z t
0
f (t0)g(t   t0)dt0
???? Laplace???
L   f  g = Hf (s)Hg(s)
????
b ?????????????????????????????? [55, 69]?
????? A(t ), B(t ) ??????? CAB (t )  hB(0)A(t )i ?????CAB (t ) ?????????
????????? CAB (t ) = hB(0)A(t )i = hA(0)B( t )i = CBA ( t ) ???????CAB (t ) ???
???? ddtCAB (t ) = C _AB (t ) =  CA _B (t ) ???? d
2
dt2
CAB (t ) =  C _A _B (t ) ????
44 ? 2? ???????????
???????? Laplace??????CF (t) ? Laplace?? HCF (s) ? CU (t) ????
HCF (s) =  M2 (s2HCU (s)   sCU (t = 0 )   C 0U (t = 0 )) (2.119)
??????????? 2???????????????? 3??????






U 0(0)U (t) =   
U 0( t)U (0) =   
U (0)U 0( t)
=  C 0U ( t) (2.120)
??????? C 0U (t = 0+) =  C 0U (t = 0 ) ???????????????








C 0U (t = 0
 ) =   lim
s!1 s
(








s + H (s)= (2.122)
????????t = 0????????????????U (0+)???????????
????????????????????????? vl (0+) = 0??????????
???? vs(0+) = U (0+)   vl (0+) = U (0+) ????????????? (2.112)??
vs(0+)  U (0+) = lim
s!1 s
(Hvs(s)   HU (s)) = lim
s!1 s
(H (s)HU (s)   HU (s))
= lim
s!1 s
HU (s) (H (s)   1) = 0 (2.123)
????HU (s) ?? (2.116)???????? lims!1 H (s) = 1????????????
(2.122)?










s + H (s)= 9>=>; (2.125)
?????s ! 0????







hFw (0)Fw (t)i dt (2.127)
????
2.8 ?????? 45
Huang????????????????? 2???????? [22]??? 1???
???????????? U ? vs ? 2????????????? Langevin????
???????????? (2.112)???????? 1?? Langevin??? (2.113)?
????????????????????????????????????????
????????????????????????????????????????




hFw (0)Fw (t)i = 1N
NX
j=1




???????????? hFii (t)??????????? hvii (t)? Fourier-Laplace?
? hDFii(!), 
Dvi (!) ?????1?????????????? i ??
i (!)    h
DFiit;V (!)
Dvit;V (!) (2.129)
??????????????? f (t) ? Fourier-Laplace?? Df (!) ?
Df (!) = Z 1
0
f (t)e i!tdt (2.130)
????????i ???????s = i! ???? Laplace ????????????
(2.129)???? hi?????? t ?????????????? V ?????????
?????????????????????? i ?????????????? Ai ?






??????????? (2.129), (2.131)?? i (!), hAiiV ???hiV ????????
??????? i ??? 1??????????????????????????










46 ? 2? ???????????
?????????????????? HS ????? i ???????????
(2.132)????????????????????????????????????
????????????
! ! 0????????????????i (! = 0) = i ????????????
????????? hviit;V ????????? hFiit;V ????
i =  hFiit;Vhviit;V (2.133)
???????? (2.132)??????
hviit;V  =  NsS hFiit;V (2.134)
?????????????????????????????????? hviit;V ??









hFiit  1S hFwit = w (2.135)
??????! ! 0?????????? (2.129), (2.132)? Navier???? (1.1)?
?????





??? hA(t)ip;NE ??????????  hA(t)ip = hA(t)ip;NE   hAip;EC ??? E(t)?




AM (t   s)E(s)ds (2.136)
?????????????M ? E ?????????????? H =  ME ???
????????hip ?????????????????????????????




????????? A(t) = A(t)   hAip;EC, M (t) = M (t)   hMip;EC ????????
??????????????? D??????
??????????????? H =  M (xi; vi )E(t) ?
M (xi ) = xi (2.138)
E(t) = f ei!p t (2.139)
2.8 ?????? 47
????????????xi ??? i ??????????????? f ???????
!p ?????????????????? A?????????????????? i
??? vi ??????????? x ???? Fi ????????43????? b??
?????????????????????????????
hvi (t)ip = fkBT
Z t
0
hvi (0)vi (t   s)ip ei!p sds (2.140)
hFi (t)ip = fkBT
Z t
0
hvi (0)Fi (t   s)ip ei!p sds (2.141)
??????????? Fourier-Laplace??????? (2.140), (2.141)??????
?????????? Fourier-Laplace????????







hvi (0)vi (t)ip e i!tdt (2.142)






hvi (0)Fi (t)ip e i!tdt (2.143)
????????????????? hip ?????????????????????
????????????????????????? hip ! hit ?????????
????????????????????????????????????????
? hip ! hit;V ??????????????????????? (2.142), (2.143)??
(2.129)???????????? 1?????????????
i (!) =  
R 1
0
hvi (0)Fi (t)it;V e i!tdtR 1
0
hvi (0)vi (t)it;V e i!tdt








Di (!) = 1kBT
Z 1
0
hvi (0)vi (t)it;V e i!tdt (2.146)
???????????
i (!) =  hviFii (!)kBTDi (!) (2.147)







i (!) =  Ns hviFii (!)SkBTDi (!) (2.148)





















hvi (0)Fi (t)it e i!tdt (2.150)
?????????????? (2.150)?????????????????????






? [53{55, 69]????????????????????????? Fi ???????
???????????????
mi _vi =  
Z t
0
i (t   s)vi (s)ds + Ri (t) + Fi (t) (2.151)
????????????????????mi , i (t), Ri (t) ??????? i ?????
?????????????????????????????? Ri ? vi , Fi ????
????????????????????
hvi (0)Ri (t)it = 0 (t > 0) (2.152)
hFi (0)Ri (t)it = 0 (t > 0) (2.153)
? (2.151)? vi (0), Fi (0), _vi (0)(= Ri (0)=mi ) ???????????? hit;V ????
Fourier-Laplace??????
mi hvi _vii (!) =  Di (!) hvivii (!) + hviRii (!) + hviFii (!) (2.154)
mi hFi _vii (!) =  Di (!) hFivii (!) + hFiRii (!) + hFiFii (!) (2.155)






= kBT=mi?_vi (0) = Ri (0)=mi ????????
2.8 ?????? 49
??????????????




h _vi _vii (!) = i! h _vivii (!) (2.158)
h _viFii (!) =  i! hviFii (!) (2.159)
h _viRii (!) = hRiRii (!)=mi (2.160)
hviFii (!) =   hFivii (!) (2.161)
???????? (2.154)?(2.156)?
[i!mi + Di (!)] hvivii (!) = kBT   hFivii (!) (2.162)
[i!mi + Di (!)] hviFii (!) =   hFiFii (!) (2.163)
[i!mi + Di (!)] fkBT   i!mi hvivii (!)g = hRiRii (!)   i!mi hviFii (!) (2.164)
???????? (2.162)?? (2.164)???????????
hRiRii (!) = kBTD(!) (2.165)
?????????? (2.162)???? hvivii (!) ????? (2.144)?????
1
i!mi + i (!) + Di (!) = 1kBT hvivii (!) (2.166)
????????????????????????????????????????
?????????????????????? i!mi?????????? i (!)??
???????? Di (!) ???????! ! 0?????????? (2.53)?????









???????i  i ????????????
? (2.162), (2.163), (2.144)??
i (!) =
hFiFii (!)
kBT   hFivii (!) (2.168)









hFi (0)Fi (t)it e i!tdt
=
1





hFi (0)Fi (t)it e i!tdt (2.169)
50 ? 2? ???????????









hFi (0)Fi (t)it dt (2.170)









hFi (0)vi (t)it dt (2.171)
????????? Fi ?????????Green-Kubo? (2.170)???  ?????
?????????????????????????????????? Ns ????





1   (0) (2.172)
?????








hFi (0)Fi (t)it dt (2.174)
?????????? (2.174) ??????????????????????????


















?????????? 2.6, 2.5???? Andersen?????????????????
???? 0.1 MPa????? 300 K??????????????? NPT ?????
? 1 ns?????????????????????? NVE ???????????
???????????????????? Andersen????????? MP ??NPT
???????????????????? MP = 6:28  1010 kg/m4 ????
NVE ??????????????????? 3 ns???? 12?????????
???????? NPT ?????????????????????????????
??? 400 K??????? 0.9 ns???????????? 300 K????? 1.5 ns
???????????????
????? 1 fs ?????????????????????? 50 fs ??????
????????????????????????????????????????
52 ? 3? ????????????







????????????????? NVE ????????????????? NPT
????????????????????????????????????????
????????????????????????????????????MPa?




Table 3.1 Calculation conditions for bulk systems of water and methanol mixture.
# of water # of methanol molar side length density pressure
molecules molecules fraction [%] [nm] [kg/m3] [MPa]
1200 0 0 3.31 992.8  1.8
1100 40 3.5 3.29 981.2  0.7
1000 82 7.6 3.28 967.7  0.8
900 125 12.2 3.28 952.3  1.6
800 167 17.3 3.27 935.5  2.3
700 210 23.1 3.27 918.0  3.5
600 250 29.4 3.26 900.2  0.1
500 292 36.9 3.26 878.7  1.6
400 335 45.6 3.27 855.3  1.8
300 376 55.6 3.27 831.1  2.4
200 418 67.6 3.27 805.0  3.1
100 485 82.9 3.34 774.1  2.3
0 500 100 3.30 741.9  3.1
3.1 ??? 53
0 % 23.1 % 45.6 % 67.6 % 100 %
Figure 3.1 Snapshots of bulk systems of water-methanol mixture.
54 ? 3? ????????????
3.2 ????
?????? Dt ??????? Dr ??????????????????????
??????? Einstein?? (2.64), (2.68)????????????????????
???????????????????????????????? 3.2??????
????????????? 3 ?????????????????????????
????????? 3.2?? 20?50 ps??????????????????????
t = 0?????????????????????????????????????
????????????????????????????????????????
?? t = 5 ps????????????????? t = 20 ps????????????
???????????????????????? 20?50 ps ??????????
Dt ? Dr ??????
??????????????????????????? 298.15 K ??????
? [72]?????? 3.3?????????? 3.4????????????????
?????? Dmean ??????????????????????????? Dwater,
DMeOH ??????????? Xb ????????


























































Figure 3.2 Mean square position displacement (MSPD) and mean square angular displace-
ment (MSAD) of single component systems of water and methanol. Linear tting for the







































Figure 3.3 Tranlational diusion coecients of water and methanol and their mean value
as a function of methanol molar fraction Xb. The mean value is obtained by Eq. (3.1), and
experimental data at 298.15 K are also plotted with dotted lines [72].
???????????????????????????????????????
???????????????????????????????????????
???Stokes-Einstein??? (2.67)? Stokes-Einstein-Debye??? (2.79)?????






??? D0 ???????????????????? [73]?
DPBC = D0   kBT
6L
(3.2)
???? ??? ( 2:837297) ???? ??????L ????????????
? (3.2) ????????????????????? 3.6 ???????????
???????????????????????????DPBC ? D0 ??????
0:19  10 9 m2/s?????????????????



































Figure 3.4 Rotational diusion coecients of water and methanol and their mean value as




























???????????????????????????? 109 s 1 ????????
???????????????????????????? 109 s 1 ????????
????????? Newton????????????????? 4.3???????




































Figure 3.5 Mean square of time-integrated o-diagonal components of pressure tensor in
single component systems of water and methanol. Linear tting lines for the range from 10

























methanol molar fraction, Xb [%]
Figure 3.6 Viscosity of water and methanol mixture as a function of methanol molar fraction












? 4.1 ? Couette ?????????????????????????????
2.2.4????? z ???? (111)???? FCC??????????x; y ??????










Figure 4.1 Simulation system of Couette-type ow of water and methanol mixture liquid.
60 ? 4? ???????
?? x; y ?????????? 3:05  3:36 nm2 ????z ???????????
???????????????????????vw = 0????? 0.1 MPa?????
300 K????2.6.4?????????? Langevin??????????? 5 ns??
?????????????? 2 ns???????????????????????
????????????????????? Mw = 5:0  10 23 kg????
? 4.1 ???????????????????????????????????
???????????????????????????????????????
?????? 4.2????????????????????? 0 %? 100 %????
???? 3160, 1336??????????????????????????????






?????????? vw = 20 m/s??????????????????????
???????? 1 ns?????????????????????????????
?????????????????? Langevin?????? 300 K????????
???????????? E???????????????????????????
??????????????z, y ?????? 300  1 K?????????????
?????????? vw ???????????????????????? 4.5??
?????




?? 1 ns??????????????????????? 1???????????
??????????? [40, 47]?
4.1 ??? 61
Table 4.1 Calculation conditions for nonequilibrium systems of water and methanol mix-
ture.
# of water # of MeOH molar frac. system average
molecules molecules in bulk, Xb [%] height [nm] pressure [MPa]
3160 0 0 10.60  0.02
3096 24 0.6 10.57  0.51
3030 52 1.1 10.56 0.02
2982 76 1.8 10.57 1.81
2900 100 2.2 10.49 2.47
2870 132 3.0 10.62  0.79
2820 154 3.5 10.62  1.48
2774 182 4.2 10.66 0.18
2632 254 6.0 10.70  0.56
2560 258 6.5 10.52  1.09
2076 488 15.7 10.56 1.44
1676 676 24.9 10.61 4.18
1284 854 37.2 10.71  1.51
960 970 48.6 10.58  0.38
738 1058 56.3 10.55 1.17
492 1158 69.1 10.58 1.52
294 1266 80.6 10.84  1.80
0 1336 100 10.59 0.27
62 ? 4? ???????
100 %80.6 %69.1 %56.3 %48.6 %37.2 %
24.9 %15.7 %6.5 %6.0 %4.2 %3.5 %
3.0 %2.2 %1.8 %1.1 %0.6 %0 %
Figure 4.2 Side views of all simulation systems of Couette-type ow. Blue and yellow




water, MeOH ????????????????????? 0.02 nm ???????
????????????????????????????????????????
??????????????????z ?????????????????????
















??????????????????????? 4.4 ?? 1 ???????????
?? Xa ???????????????? ns ????????? 1 ????????
z = 0 ????????????????????????????????????






???? Xb ???? 1?????? Xa ?????????????????????
???Xa ???? Xb ???? 10 %??????????????????????
????????????? ns??????? 1??????????????????
??Xb ????????? 1?????????????? Xb < 10 %??????
????????????????????????????????????????
?????????????????????????????
? 4.3 ?????????????? vw ?????????????????? vx
64 ? 4? ???????
???????????????????????????? 0.33 nm????????
???????????????????????????????????????




















? 4.5?? 4.3???????????????? ls ?????? vs ? Xb ????









?????????????????????? z = 0 ???? [10]????????
??? 4.5????????? vs ?? 4.3?????????????????????
z = 0??? vx ???????? vw ??????????????? ls ? Navier??
?? (1.4)??????????????? vx = vw ????????????? z = 0
???????????? 4.5?????????? Xb ???????????? ls ?




??????????????????????? Xb > 40 %????? ls ?????
4.2 ?????????????? 65








0 0:2 0:4 0:6 0:8
0 1000 2000





0 0:2 0:4 0:6 0:8
0 1000 2000
(b)Xb = 3:0 %
0 0:2 0:4 0:6 0:8
0 1000 2000
(c)Xb = 6:5 %
0 0:2 0:4 0:6 0:8 1
0 1000 2000











0 0:2 0:4 0:6 0:8
0 1000 2000





0 0:2 0:4 0:6 0:8
0 1000 2000
(f)Xb = 48:6 %
velocity, vx=vw
density,  [kg/m3]
0 0:2 0:4 0:6 0:8
0 1000 2000
(g)Xb = 69:1 %
0 0:2 0:4 0:6 0:8 1
0 1000 2000
(h)Xb = 100 %
Figure 4.3 Distributions of water and methanol densities water (blue solid line) and MeOH
(orange dashed line), respectively, and normalized lateral velocity along the x direction vx=vw
(red dots) for dierent methanol molar fractions in the bulk region Xb of (a) 0 %, (b) 3.0 %,
(c) 6.5 %, (d) 15.7 %, (e) 24.9 %, (f) 48.6 %, (g) 69.1 %, and (h) 100 %. The dash-dot black
lines correspond to the mean position of solid layers, and the origin of the z axis is set as
the mean position of the innermost layer of the solid surface. The dotted black line along
the red dots is a tting line of the velocity in the bulk region.









































































methanol molar fraction in bulk, Xb [%]
Figure 4.4 Methanol molar fraction Xa and surface number density ns in the rst adsorption
layer as a function of methanol molar fraction in the bulk region Xb. Water and methanol






































methanol molar fraction in bulk, Xb [%]
vs=vw
ls
Figure 4.5 Slip length ls and normalized slip velocity vs=vw as a function of methanol
molar fraction in the bulk region Xb. The slip length is calculated by Eq. (1.4) using the













???????? 3??????????? 1???????????????? w
????????????????????????????? 2??????????
????????? b ??2.6.3?????????????????????????
xz; zx ????b = 12 (xz + zx ) ?????????????????? (2.104)?
? 1??????? vi ????????????????????????? Couette
?????? y; z ????????????????????????????????
???????????????? 3?????????????????? v ???
????????????????????????? Newton???????????







? 4.7 ???? 3 ??????????????????????????????
????????????????????????????????????????
??w ? b ?????????????????? Couette????????????
????????????????????????????????????????
???????????????????????????????????????b
? v ??????????? Newton??????????????????????


































































methanol molar fraction in bulk, Xb [%]
Figure 4.6 Velocity gradient in the bulk region of nonequilibrium system, and viscosity
obtained in equilibrium systems. The viscosity data are the same as these shown in Fig. 3.6,
and a tting line using 3rd-order polynomials is appended.
???????????????????????????????????????
?? 10 9 s??????????? 3.5?????????????????????
???????????????????? 10 11 s????????????????
109 s 1 ??????????????????????? Newton?????????
???????????
????????????????????? Xb < 10 %????????????






























Figure 4.7 Relations between methanol molar fraction in the bulk Xb and lateral shear
stress . The three  values w, b, and v are independently calculated using the force
exerted on the wall, the average shear stress inside the bulk region, and the viscous stress in
the bulk region, respectively.
70 ? 4? ???????
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Figure 4.8 Solid-liquid friction coecient  in the Navier boundary condition of Eq. (1.1)
and slip length ls given by Eq. (1.3) for various methanol fractions in the bulk region Xb.





































Figure 4.9 Water and methanol contributions to the solid-liquid friction coecient.
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sl
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Figure 4.10 Solid-liquid friction coecient  and solid-liquid interfacial tension sl [36] for
various methanol fractions in the bulk region Xb.
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Figure 4.11 Dependences of the solid-liquid friction coecient  on the lateral wall velocity
vw in the cases of methanol molar fractions Xb of 0 %, 37.2 %, and 100 %. Corresponding
apparent shear rate is shown on the upper horizontal axis. The friction coecients obtained
in the equilibrium systems by BB's and HS's methods discussed later in Chapter 5 are shown













?????????? vw = 0??????????????????????????
?????????Langevin??????????????????????????
?????????????????? 1 fs ???????????????????
50 fs?????????????????????????????????????


















































Figure 5.1 Integral of the correlation functions shown in Eqs. (5.1) and (5.2) in the cases of
methanol molar fractions Xb of 0 %, 37.2 %, and 100 %. The integrated values correspond
to the friction coecients through BB's and HS's methods, respectively. The lines with the
same shape and color denote the values of top and bottom walls.
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Figure 5.2 Integral of the correlation function
P
i hFi (0)vi (t)i in the cases of methanol molar
fractions Xb of 0 %, 37.2 %, and 100 %. The lines with the same color are the values of top
and bottom walls.
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methanol molar fraction in bulk, Xb [%]
Figure 5.3 Relation between methanol molar fraction in the bulk Xb and (0) value in
Eq. (2.171).
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Figure 5.4 Friction coecients obtained using EMD by HS's method in Eq. (2.174) and
BB's method in Eq. (2.127) as a function of (a) methanol fraction in the bulk region Xb and
(b) that in the rst adsorption layer Xa. The friction coecient obtained in NEMD shown
in Fig. 4.8 is also plotted.
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Figure 5.5 The ratio between the friction coecient obtained in EMD using HS's and BB's
methods and that obtained in NEMD.
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Figure 5.6 Water and methanol contributions of the solid-liquid friction coecient obtained
by HS's method.
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Figure 5.7 The ratio of the methanol contribution to the friction coecient obtained by
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methanol molar fraction in bulk, Xb [%]
Figure 5.8 Solid-liquid friction coecients per water and methanol molecule.
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(g) Xb = 100 %, Xa = 100 %
Figure 5.9 Snapshots of water and methanol mixture near wall for dierent methanol molar
fractions in the bulk region Xb of (a) 1.8 %, (b) 3.0 %, (c) 6.5 %, (d) 15.7 %, (e) 24.9 %,
(f) 69.1 %, and (g) 100 %. In the left and middle panels, water and methanol molecules are
visualized by dierently colored balls and lines, respectively. In the right panels, hydrogen
bonds (HB) of methanol are visualized by lines with dierent colors depending on bonding
molecular pair. Dotted black lines correspond to the apparent boundary between the rst
and second adsorption layers.















































Figure 5.10 Probability density functions of the angle between surface normal of wall toward
liquid and dipole moment of water molecule in the rst adsorption layer. The color of lines
expresses the methanol molar fraction in the bulk region.
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Figure 5.11 Probability density functions of the angle between surface normal of wall toward
liquid and CH3 ! oxygen vector of methanol molecule in the rst adsorption layer. The
color of lines expresses the methanol molar fraction in the bulk region.
(a) water (b) methanol
Figure 5.12 Schematics of the denitions for representative angle of (a) w and (b) m
indicating the water and methanol orientations to the wall surface.
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Figure 5.14 Probability density functions w and m obtained in EMD and NEMD for
dierent methanol molar fractions in the bulk region Xb of 0 %, 3.0 %, 37.2 %, and 100 %.
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Figure 5.15 CH3 contribution to the friction coecient of methanol in NEMD.
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Figure 5.16 One dimensional mean square position displacement (MSPD) and mean square
angular displacement (MSAD) of the molecules in the rst adsorption layer. Only the cases
of water and methanol single component systems are shown. Linear tting for the range
from 25 to 30 ps are plotted with the dotted lines.
















translational diusion coecient, Dt [10 9 m2/s]
Figure 5.17 Distributions of x-directional translational diusion coecient Dt of single
















rotational diusion coecient, Dr [ps 1]
Figure 5.18 Distributions of rotational diusion coecient Dr of single component systems
of water and methanol.
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Figure 5.19 Translational diusion coecient Dt of water and methanol as a function of
(a) methanol fraction in the bulk region Xb and (b) that in the rst adsorption layer Xa.
Superscripts \a", \b" and \cb" denote the rst adsorption layer and bulk region in wall
system, and cubic bulk system shown in Fig. 3.3, respectively.











































































Figure 5.20 Rotational diusion coecient Dr of water and methanol as a function of
(a) methanol fraction in the bulk region Xb and (b) that in the rst adsorption layer Xa.
Superscripts \a", \b" and \cb" denote the rst adsorption layer and bulk region in wall
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Figure 5.22 i=i obtained by Eq. (2.167) using i and kBT=Dat for various methanol molar
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i = pi0 ??????????????????? t ?
????????
fN (qt; pt j x0i = xi0; p0i = pi0) (C.9)
???????????????????????????? 0???????????
?????????? t ?????????????????????????????
?????? fN (qt; pt j x0i = xi0; p0i = pi0) ??Z
fN (qt; pt j x0i = xi0; p0i = pi0)dqtd pt = 1 (C.10)
?????
????????????????? i ??? t = 0?????x = xi0 ???????
y ?????? p = pi0 ??????????????? (C.1)???????????
????









???????? Liouville ?????????????? (B.22) ?????x0i = xi0,
p0i = pi0 ????????????????????????????? (C.11)???
????????????????????
fN (qt; pt j x0i = xi0; p0i = pi0)dqtd pt = fN (q0; p0 j x0i = xi0; p0i = pi0)dq0d p0
(C.12)
118 ?? C ????? Green-Kubo????
????????? (C.11)??


















j   x)(x0i   xi0)(p0i   pi0) fN (q0; p0)dq0d p0Z
(x0i   xi0)(p0i   pi0) fN (q0; p0)dq0d p0
(C.14)
????? (C.14)???????????Z
(x0i   xi0)(p0i   pi0) fN (q0; p0)dq0d p0  f 0i (xi0; pi0) (C.15)
????????? (B.26)????????t = 0??? xi0 ???? pi0 ??????
??? i ????????????????? (C.5)??????????pi0 ????
2?????????????
i (t j xi0; pi0) =
Z 1
 1
pi0(x   xi0)2vi (x; t j xi0; pi0)dx
=
1


























(x   xi0)2(xtj   x)dx = (xtj   xi0)2 (C.17)
???????? (C.16)? x ??????????
i (t j xi0; pi0)
=
1










????????????????????? t = 0 ?????? xi0 ???? pi0 ?



















(xtj   xi0)2(x0i   xi0)dxi0 = (xtj   x0i )2 (C.20)
????pi0 ???????????Z
pi0(p0i   pi0)dpi0 = p0i (C.21)
???????? (C.19)? dxi0; dpi0 ??????????





















































































j   x0i )2
+
120 ?? C ????? Green-Kubo????
(C.25)
























































































































































































































































































































































































































































































? 2.8.2 ???? HS ???????????????????????? [55, 69]?
????????? B???????????
??????????????? H (q; p) ????????????  M (q; p)E(t) ?
????????????????? H (q; p; E(t)) = H (q; p)   M (q; p)E(t) ?????
????????????????????? H (q; p; E)??????????????




A(q; p; 0) f (q; p; t)dqd p (D.1)




=  L0 f   L1E(t) f (D.2)
????????L0, L1 ????????????? Liouville???????Poisson
????????
L0 f =   fH; f g (D.3)
L1 f =   f M; f g (D.4)
????????? f ? 1?????????? f ? E ???? 0?? 1??????
???? f0 ? f1 ???









=  L0 f0 (D.6)
@ f1
@t
=  L0 f1   L1E(t) f0 (D.7)








?????????Q????????? = 1=(kBT ) ????????????? 2?
?????? (D.6), (D.7)?????
f0(0) = fc (D.9)
f1(0) = 0 (D.10)
?????????????????????????????? @ fc@t = L0 fc = 0??
??????1?????????






??? [55]?????? (D.11)?? f0(s) ? fc ??????????????????
??????? (D.12)????? L1 fc ?????? (D.4)??























=   fc fM; H g
=   fc _M (D.13)




E(s)e (t s)L0 _M fcds (D.14)
????
?????? A(q; p; 0) ??????????????????????? f (t) 
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fc + f1(t) ?????? (D.1)??
hA(t)i =
Z
A(q; p; 0) f (t)dqd p





dqd pA(q; p; 0)
(
e (t s)L0 _M (0) fc
)







e(t s)L0 A(q; p; 0)
)
_M (0) fc





dqd pA(q; p; t   s) _M (0) fc




















hA(t)i   hAiEC =
Z t
0







?????????????????????? 3 ???????? 6 ???????
?????????????? x ???? Couette????????????????
y, z ????? Ty , Tz ?????????? E.1?????????????????










































Figure E.1 Distributions of y- and z-directional temperatures Ty and Tz . The color of lines
expresses methanol molar fraction in the bulk region. The dash-dot black lines correspond
to the mean position of solid layers, and the origin of the z axis is set as the mean position
of the innermost layer of the solid surface.
128 ?? E ???????
0.33 nm???????????? y, z ??????????????????????
???????????????????z ????????????????????
????????????????????????? Xb ?????? E.1?????





????????????????????????????? x ???? Couette?
????????????????????????????? _Q ? _Q =  (@vx=@z)2
?????????????? ??????@vx=@z ??????? z ???? x ?
?????? vx ????????????????????????? c??????
? ?????????? c???????????????????????? T
? T = _Q=(c) =  (@vx=@z)2 =(c) ?????????????????? 3.6, 4.6
???? 3.1 ????????????  = 7:4  10 4 Pas, @vx=@z = 1:9  109 s 1,
 = 993 kg/m3 ?????????? [82]?? c = 4:2  103 J/(kgK)???????
????T = 0:64  109 K/s = 0:64 K/ns????????????????????
????????????????????????????????????????










????????? vw ??? 4 ??????? vw = 20 m/s ??? 4.5 ?????
vw = 2:5 m/s??????????? (Xb = 0 %)?????????????
? 4 ??????????????????????? 1 ns ?????????
?????????????? 1 ??????????????????? (block
average) [40, 47]???????????? 1 ns????????? Nt ???????


























??????????????? (F.2)?????????????vw = 20 m/s???
? 40 ns?vw = 2:5 m/s ???? 80 ns ??????????Nt ???????? 40,
80????? F.1???????????????????????????????
??????????????????? 4.3??????????? 0.33 nm????
130 ?? F ???????????????????
????????????????? F.2??????????? 4.7? w ?????
?????????????????????????? F.3????????????




?????? F.1??? F.1??? F.4??????????????vw = 2:5 m/s?
??? Nt = 80?vw = 20 m/s???? Nt = 40????????????





? F.1 ???? F.1?F.4 ???vw ??????????????????????
??????????????????? vw ???????????????????
?????????? vw ??????????????? B ???? B ??????
vw ????????????????????? Nt;1; Nt;2 ????????? 2???





















????????????????vw;1 = 20 m/s, vw;2 = 2:5 m/s???? (vw;1=vw;2)2 =
(20=2:5)2 = 64????vw ???????????????????????????



























number of samples, Nt
vw = 2:5 m=s
vw = 20 m=s






















number of samples, Nt
vw = 20 m=s
vw = 2:5 m=s
Figure F.2 Relation between number of samples Nt and average shear stress exerted on
wall w.
Table F.1 Standard deviations of density , shear stress w, velocity vx , and velocity gra-
dient dvx=dz shown in Figs. F.1 - F.4, in the cases of wall velocity vw of 2.5, 20 m/s.
vw [m/s]  [kg/m
3] w [MPa] vx [m/s] dvx=dz [109 s 1]
2.5 0.82 0.15 0.86 0.40
20 0.81 0.16 1.0 0.45
























number of samples, Nt
vw = 20 m=s
vw = 2:5 m=s




























number of samples, Nt
vw = 20 m=s
vw = 2:5 m=s
Figure F.4 Relation between number of samples Nt and average velocity gradient dvx=dz.
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